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Summary
Background: Arrestins are pivotal, multifunctional orga-
nizers of cell responses to GPCR stimulation, including
cell survival and cell death. In Drosophila norpA and rdgC
mutants, endocytosis of abnormally stable complexes
of rhodopsin (Rh1) and fly photoreceptor Arrestin2
(Arr2) triggers cell death, implicating Rh1/Arr2-bearing
endosomes in pro-cell death signaling, potentially via
arrestin-mediated GPCR activation of effector kinase
pathways. In order to further investigate arrestin func-
tion in photoreceptor physiology and survival, we
studied Arr2’s partner photoreceptor arrestin, Arr1, in
developing and adult Drosophila compound eyes.
Results: We report that Arr1, but not Arr2, is essential
for normal, light-induced rhodopsin endocytosis. Also
distinct from Arr2, Arr1 is essential for light-indepen-
dent photoreceptor survival. Photoreceptor cell death
caused by loss of Arr1 is strongly suppressed by coor-
dinate loss of Arr2. We further find that Rh1 C-terminal
phosphorylation is essential for light-induced endocy-
tosis and also for translocation of Arr1, but not Arr2,
from dark-adapted photoreceptor cytoplasm to photo-
sensory membrane rhabdomeres. In contrast to a previ-
ous report, we do not find a requirement for photore-
ceptor myosin kinase NINAC in Arr1 or Arr2 translocation.
Conclusions: The two Drosophila photoreceptor arres-
tins mediate distinct and essential cell pathways down-
stream of rhodopsin activation. We propose that Arr1
mediates an endocytotic cell-survival activity, scaveng-
ing phosphorylated rhodopsin and thereby countering
toxic Arr2/Rh1 accumulation; elimination of toxic Arr2/
Rh1 in double mutants could thus rescue arr1 mutant
photoreceptor degeneration.
Introduction
Arrestins mediate and regulate cell responses to G pro-
tein-coupled receptor (GPCR) signaling [1]. Recruited
to activated GPCRs marked by conformational change
and phosphorylation, arrestins uncouple G proteins from
active receptors and promote receptor endocytosis, de-
sensitizing cells [2, 3]. Endocytosed receptors, in com-
plex with arrestins, initiate a second, non-G protein
branch of GPCR signaling, scaffolding and activating
kinases to “signaling endosomes” that particularly en-
gage cytoplasmic pathways. Arrestin-scaffolded kinases
notably include c-Src family and mitogen-activated
protein kinases (MAPKs), and their activation impacts
numerous cell activities including chemotaxis, cell
motility, and cell survival [4, 5]. In Drosophila photore-*Correspondence: dready@bilbo.bio.purdue.educeptors, stable complexes of visual arrestin Arr2 with
phosphorylated, active Rh1 metarhodpsin (M-p) cause
massive, fatal endocytosis [6, 7]. While mechanisms of
this cell death remain to be detailed, disruption of
MAPK signaling is a likely suspect [8]. In order to better
understand how arrestins cooperate in cell physiology
and survival, we investigated Arr2’s partner visual ar-
restin, Arr1 [9–12], in developing and adult Drosophila
photoreceptors.
Upon stimulation, like GPCRs generally, both Droso-
phila Rh1 and vertebrate rhodopsins activate rhodop-
sin kinase (RK), which phosphorylates the receptor’s C
terminus [13–16]. Vertebrate rhodopsin phosphoryla-
tion decreases signaling and recruits visual arrestin,
whose binding further quenches activity [13, 14]. Elimi-
nation of C-terminal phosphorylation sites in a mouse
rhodopsin truncation mutant prolongs photoresponses
[17]. Mutations of human RK cause Oguchi disease, a
congenital stationary night blindness [18].
The significance of Drosophila Rh1 phosphorylation
for photoresponse deactivation is less clear. A phos-
phoregulated cycle of arrestin binding to, and release
from, activated Rh1 recycles the receptor for another
round of photodetection [19]. However, flies lacking Rh1
C-terminal phosphorylation sites show normal photore-
sponse deactivation [15], and Arr2 binds activated Rh1,
metarhodopsin (M), without requiring phosphorylation
[6, 7]. Indeed, Arr2 binds to M prior to phosphorylation
[20], and hyperphosphorylation of Rh1 by rhodopsin ki-
nase decreases Arr2 binding [16]. Rh1 C-terminal phos-
phodeficient mutants rescue photoreceptor degenera-
tion in norpA mutants lacking effector phospholipase C
[6] and rdgC mutants lacking rhodopsin phosphatase
[15], but a role for Rh1 C-terminal phosphorylation in
normal cell physiology remains to be determined.
Like Drosophila photoreceptors, vertebrate rods ex-
press two visual arrestins: arrestin, with a long C termi-
nus resembling fly Arr2, and p44, a splice variant whose
truncated C terminus resembles the shorter Arr1 [21]
(see Figure S1 in the Supplemental Data available with
this article online). Like Arr1, p44 is a minority arrestin,
present at levels approximately 10% those of full-
length arrestin. Like Arr2, p44 binds unphosphorylated,
as well as phosphorylated, active rhodopsin [22]. Upon
illumination, p44 redistributes to “lipid raft” membrane
microdomains, while arrestin does not [23]. It has been
proposed that the two rod visual arrestins mediate re-
ceptor shutoff in differing light regimes, p44 operating
in dim illumination normal for rod cell function and
arrestin acting in bright illumination [24]. Like RK, muta-
tions of human arrestin cause Oguchi disease, likely
resulting from constant, low-level activation of the pho-
totransduction cascade [25]. Constitutive phototrans-
duction cascade activity, “equivalent light” that entrains
the pathophysiology of intense, damaging illumination,
may underlie several forms of retinal degeneration [26].
Vertebrate rhodopsin is unusual among GPCRs in that
receptor activation and arrestin recruitment does not pro-
mote endocytosis. Mammalian nonvisual cells com-
monly express two arrestins, β-arrestin1 and β-arres-
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coated pits. Similar to mammalian nonvisual GPCRs,
invertebrate rhodopsins are normally endocytosed upon
activation; illuminated compound eye photoreceptors
accumulate long-lived, rhodopsin-bearing endosomes
[27–29]. Arrestin has been localized to rhodopsin-bear-
ing endosomes of Limulus photoreceptors [30], and
Arr2 has been demonstrated to mediate the massive
Rh1 endocytosis that kills norpA and rdgCmutant pho-
toreceptors [6, 7], but a functional requirement for ar-
restin in normal light-induced endocytosis has not
been demonstrated.
Arrestins translocate from resting cell cytoplasm to
activated GPCRs at the plasma membrane; visual ar-
restins translocate to illuminated photosensory mem-
brane organelles, vertebrate outer segments [7, 31–35],
and invertebrate rhabdomeres [7, 36–38]. Normal arres-
tin translocation in rods of mice lacking phosphorylated
rhodopsin rules out simple diffusion to a light-depen-
dent phospho-rhodopsin arrestin binding “sink” [39,
40]. Translocation fails in photoreceptors deficient for
the microtubule motor kinesin-II subunit, KIF3A, con-
sistent with active arrestin transport to outer segments
via the connecting cilium [41]. However, recent experi-
ments show arrestin translocation is energy independent,
supporting translocation via diffusion to light-activated
Rh* rhodopsin [42]. Light-induced Arr2 translocation to
Drosophila rhabdomeres promotes adaptation [43, 44]
and has been reported to require the photoreceptor
Myosin-III, NINAC [45].
In the present work, we characterize Arr1 in Drosoph-
ila photoreceptors. Arr1 is 7-fold less abundant than
Arr2, and Arr1 loss by itself had no reported phenotype;
its only reported phenotype is to prolong the photore-
sponse 10-fold in arr1;arr2 double mutants [12]. We
find Arr1 is necessary for normal light-dependent endo-
cytosis and that Arr1 loss causes light-independent
photoreceptor cell death. We find that Rh1 C-terminal
phosphorylation is essential for Arr1 translocation to
stimulated rhabdomeres and for light-induced Rh1 en-
docytosis. Unexpectedly, we also find that both Arr1
and Arr2 translocate robustly to rhabdomeres of NINAC
null ninaCP235 flies. We also show that elimination of
Arr2 rescues photoreceptor death caused by loss of
Arr1. Our results demonstrate a vital role for Arr1 in rho-
dopsin endocytosis and cell survival.
Results
Light-Dependent Endocytosis in Pupal Retina
In a previous study, we found that the machinery of
light-dependent Rh1 endocytosis is fully operational at
the outset of rhabdomere morphogenesis [46]. To fur-
ther investigate Rh1 endocytosis, we first observed the
time course with which Rh1-immunopositive large vesi-
cles (RLVs) and their electron microscope counterparts,
multivesicular bodies (MVBs), appear in photoreceptor
cytoplasm after light on. In dark-reared flies, Rh1 is
principally rhabdomeric; there are few RLVs (Figure 1A).
By 8 min after light on, small Rh1-positive cytoplasmic
vesicles become apparent. Their numbers increase un-
til approximately 30 min of illumination, after which they
increase primarily in size until approximately 1 hr, bywhich time the RLV population resembles that of flies
illuminated for several hours (Figure 1B). At the EM
level, photoreceptors of dark-reared flies show occa-
sional small MVBs; in flies exposed to light for 1 hr,
they are large and numerous (Figures 1C and 1D). Once
formed, RLVs persist for approximately 13 hr [46]. RLVs,
formed in tens of minutes, are thus a long-lived endo-
cytic compartment that receive a surge of light-depen-
dent Rh1 endocytosis.
Arr1 Redistributes to RLVs in Response to Light
Drosophila photoreceptors express Arr1 and Arr2 be-
ginning at approximately 70% of pupal development (%
pd), roughly coinciding with the expression of Rh1 (not
shown). In dark-reared pupal eyes, Arr1 is predomi-
nantly cytoplasmic, while Arr2 is both cytoplasmic and
rhabdomeric (Figure 2A). By 1 hr after light on, Arr1 lo-
calizes predominantly to RLVs; some Arr1 also localizes
to the base of the rhabdomere; and Arr2 localizes pre-
dominantly to the rhabdomere. Some Arr2 is also de-
tected in RLVs. Unlike Xenopus rod arrestin, which relo-
calizes from outer segments back to inner segment
cytoplasm after 3 to 4 hr of constant illumination [35],
fly Arr2 remains rhabdomeric for up to 6 hr in constant
light (not shown).
Pupal eyes reveal an unexpected light-dependent
Arr1 trajectory to RLVs. By 5 min after light on, Arr1
translocates to pupal rhabdomeres. However, by 30
min, it retreats from rhabdomeres and is detected in
RLVs. In flies exposed to light for more than 1 hr, most
Arr1 localizes in RLVs, resulting in a pattern similar to
that seen in constant light.
Arr1 translocates to many, but not all, rhabdomeres
in wild-type pupal retinas after light on. In pupal photo-
receptors lacking Arr2, all rhabdomeres become Arr1
positive 5 min after light on, and Arr1 is more thor-
oughly cleared from mutant cytoplasm (Figure S3), sug-
gesting that Arr2 competes with Arr1 for activated Rh1
binding. Wild-type adult eyes likewise do not show
transient Arr1 rhabdomere localization, but Arr2 null
adult flies do (not shown). In adult flies, Arr2 is esti-
mated to be present at levels 5- to 7-fold that of Arr1
[47], and together with our observation of Arr2 immu-
nofluoresence in rhabdomeres of dark-raised flies, we
speculate that decreased Arr1 translocation observed
in adult photoreceptors reflects an increased competi-
tive advantage of Arr2. In pupal photoreceptors, when
Arr1 and Arr2 expression begins, Arr1 may be an equal
or advantaged competitor. At present, it cannot be
ruled out that altered physiology, e.g., deregulated Rh1
signaling in arr2 mutants, may contribute to increased
Arr1 translocation.
NINAC Is Not Necessary for Arr1 and Arr2
Translocation to Illuminated Rhabdomeres
Light-induced Arr2 translocation (in adult flies%2 days
old) has been reported to require photoreceptor myosin
III, NINAC [45]. In order to determine whether Arr1
translocation also requires NINAC, we repeated our
dark-light shift experiment in pupae and adults lacking
NINAC (Figure 3A). Arr1 localizes normally to dark-
adapted cytoplasm of ninaCP235 null pupal photorecep-
tors; light induces rapid Arr1 rhabdomere translocation.
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1724Figure 1. Light-Dependent Rh1 Internalization in 90% Pupal Development Photoreceptors
(A) In dark-reared flies, Rh1 accumulates in the rhabdomere. There are few RLVs (arrows). By 8 min light on, small RLVs are visible. The
number and the size of RLVs increase until approximately 30 min after light on, after which they increase principally in size. Representative
images of between 2 and 4 retinas at 5, 8, 12, 20, and 30 min after light on, and constant light.
(B) Quantification of small (between 400 and 700 nm) and large (>700 nm) RLV counts. The number of RLVs, especially large RLVs, increases
in 1 hr light-exposed flies (yellow bars), as compared to dark-reared flies (gray bars). RLVs were counted from six dark-reared and seven 1 hr
light-exposed wild-type flies.
(C) In dark-reared flies, there are few small MVBs. Many large MVBs are formed within 1 hr illumination. Arrows show MVBs.
(D) Quantification of small (between 300 and 600 nm) and large (>600 nm) MVEs numbers in 1 hr light-exposed flies (yellow bars), as compared
to dark-reared flies (gray bars). MVBs were counted from five dark-reared and five 1 hr light-exposed wild-type flies. Data are means ± SD.
Scale bar equals 2 m (A and C).Different from wild-type, Arr1 localizes to nearly all
ninaCP235 rhabdomeres. By 1 hr, Arr1 immunoreactivity
is limited to RLVs in both wild-type and mutant photore-
ceptors. As with arr2 mutants, it remains to be deter-
mined if enhanced Arr1 translocation in ninaC mutant
photoreceptors reflects an immediate impact on trans-
location or a more global effect on cell physiology.
Unexpectedly, we find that Arr2 also translocates vig-
orously in ninaCP235 photoreceptors in both pupae (Fig-
ure 3B) and 2-day-old adults (not shown). NINAC is not
required for Drosophila Arr1 or Arr2 translocation.
Arr1 but Not Arr2 Is Necessary for Light-Dependent
Rh1 Internalization
We investigated roles of Arr1 and Arr2 in light-depen-
dent Rh1 endocytosis using arr1 and arr2 mutants (Fig-
ure 4). In two arr1 alleles, arr11 and arr12, a strong hy-
pomorph and a null, respectively, no RLVs are seen
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tfter 1 hr light exposure. Both arr1 mutants express
rr2 normally. By contrast, Rh1 endocytosis is normal
n an arr2 null mutant, arr25; Arr1 localizes normally to
LVs of arr25 photoreceptors. Arr1 transgene expres-
ion by Rh1 promoter-Gal4 in arr11 flies rescues light-
ependent Rh1 endocytosis (Figure S2A). In arr11;arr25
ouble mutants, no RLVs are seen after 1 hr light expo-
ure (Figure S2B). These results indicate that Arr1 is
ssential for light-dependent Rh1 endocytosis, but Arr2
s not.
h1 C-Terminal Phosphorylation Is Essential
or Arr1 Light-Dependent Endocytosis
PCR C-terminal phosphorylation is essential for β-arres-
in binding and receptor endocytosis in many mamma-
ian systems [3]. Thus, to investigate the role of C-ter-
inal phosphorylation in Rh1 endocytosis, we used
wo mutants lacking C-terminal phosphorylation sites:
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1725Figure 2. Light Induces Arr2 Translocation to the Rhabdomere and Arr1 Accumulation in RLVs
(A) In 90% pd dark-reared flies, Arr1 is cytoplasmic. In flies shifted to light, shown here at 4 hr after light on, Arr1 localizes predominantly in
RLVs. Some Arr1 localizes at the base of rhabdomere. Arr2 localizes both in the cytoplasm and in the rhabdomere in the dark. In light, Arr2
localizes predominantly to the rhabdomere. Some Arr2 is visible in RLVs.
(B) Arr1 localization after light on at 78% pd. Arr1 moves from the cytoplasm into the rhabdomere within 5 min. By 30 min, Arr1 decreases in
rhabdomeres and accumulates in RLVs. Within 1 hr, most Arr1 is found in RLVs. Many, but not all, rhabdomeres become Arr1 positive; Arr1
redistributes to RLVs of all photoreceptors by 1 hr after light on. Number at lower left shows number of flies observed. Scale bar equals 2
m (A and B).Rh1356, an 18 amino acid C-terminal truncation that
eliminates serines phosphorylated after light exposure
[6, 7, 15], and Rh1CT S>A, in which C-terminal serines
have been replaced by alanines [7]. Assayed in pupal
eyes, light-induced translocation of Arr1 and Rh1 endo-
cytosis are strongly decreased in both mutants (Figures
5A and 5B; Figure S3). Arr2 translocates normally in
these same mutants (Figure 5A and Figure S4). These
observations indicate that light-dependent Rh1 C-ter-
minal phosphorylation is essential for Arr1, but not Arr2,
light-dependent translocation.
In order to test if phototransduction cascade activa-
tion is required for Rh1 endocytosis, we examined mu-
tants that block phototransduction, dgq1 and norpAp24,
deficient for Rh1’s G protein associate or its effector
phospholipase C. RLVs accumulate normally in these
mutants when exposed to light for 1 hr (Figure S5). Ver-
tebrate RK activity is allosterically regulated, stimulatedby active conformation rhodopsin, Rh*[14], and Rh1
coimmunoprecipitates with Drosophila RK (GPRK1)
[16], suggesting that the phototransduction cascade
activation is not required for rhodopsin phosphoryla-
tion. Rh1 photoconversion and subsequent C-terminal
phosphorylation are essential for Arr1-mediated endo-
cytosis, but downstream activation of the phototrans-
duction cascade is not.
To investigate interactions between Rh1 mutants and
arrestins more directly, we used an arrestin binding and
release assay [38]. Rh1 can be photoconverted be-
tween the active state, metarhodopsin (M: λmax = 580
nm [orange]), and the inactive state (R: λmax = 480 nm
[blue]) [48]. Because neither arrestin binds to inactive
R, both are recovered mainly in supernatants of dark-
adapted wild-type head homogenates. However, after
blue light illumination photoconverts R to M, most Arr1
and Arr2 pellets with rhabdomere membranes (Figures
Current Biology
1726Figure 3. Arr1 and Arr2 Translocate Normally
in ninaC Null Photoreceptors
By 5 min after light on, ninaCP235 rhabdom-
eres concentrate Arr1 (A) and Arr2 (B); all
rhabdomeres are Arr1 positive at 5 min in
ninaCP235 photoreceptors. By 1 hr light on,
Arr1 and Arr2 are detected in ninaCP235
RLVs. The pictures presented here are 90%
pd flies. Young adults flies (<2 days) show
similar Arr1 and Arr2 translocations in wild-
type and ninaCP235 flies. Number at lower left
shows number of pupae observed; adult
numbers shown in parentheses. Scale bar
equals 2 m (A and B).5C and 5D). When M is photoconverted back to R by
orange light exposure after the blue light, Arr1 and Arr2
are released and are again detected in the supernatant.
Similar to wild-type, Arr1 and Arr2 distribute normally
to supernatants of homogenates of both Rh1 mutants
when dark-adapted or when exposed to orange light
following blue. However, Arr1 pelleting after blue light
is greatly reduced in both Rh1356 and Rh1CT S>A.
Arr2 binding to mutant M rhodopsin appears less af-
fected, consistent with present immunolocalization re-
sults and previous observation [6, 7, 38]. These results
argue that Rh1 C-terminal phosphorylation contributes
to Arr1 binding more significantly than Arr2 binding.
Photoreceptors Degenerate in arr1 Mutants
Arr2 loss results in light-dependent degeneration
caused by hyperactivation of the phototransduction
cascade [12]; retinal degeneration in Arr1 mutants has
not been reported. We investigated eyes of arr1 mutant
flies raised in 12D/12L conditions. arr11 flies show no
RLVs at eclosion. However, beginning at 3 days post-
eclosion, arr11 photoreceptors contain many RLVs. By
5 days, some arr11 rhabdomeres have begun to degen-
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crate. By 7 days, most arr11 rhabdomeres have degen-
rated, with Rh1 distributed throughout the cytoplasm.
In dark-reared arr11 flies, degeneration is delayed by
pproximately 2 days, but the overall degeneration
henotype resembles that seen in 12L/12D. Photore-
eptors also degenerate in null allele arr12 flies reared
n 12D/12L (Figure 6) or in dark (Figure S6A). Arr1 trans-
ene expression by Rh1 promoter Gal4 rescues arr11
utant degeneration (Figure S6B). These results show
hat Arr1 loss results in light-independent retinal degen-
ration that is accelerated by light. Similar to norpA and
dgC mutants [6, 7], massive Rh1 internalization pre-
edes arr1 photoreceptor degeneration.
Electron microscopy documents massive endocyto-
is prior to arr1 degeneration. Photoreceptors of 3-day-
ld arr11 flies reared in 12D/12L show numerous MVBs,
any darker and denser than those seen in wild-type
hotoreceptors (Figure 7, arrow). Rhabdomeres are still
ntact, but abnormal membrane tubules extend from
he rhabdomere base (Figure 7, arrowheads). In 6-day-
ld arr11 flies, many photoreceptors are degenerate.
ome are engulfed by neighboring cells and some are
ondensed and dark, features resembling the norpA
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1727Figure 4. Arr1, but Not Arr2, Is Necessary for Light-Dependent Rh1 Endocytosis
(A) Endocytosis is blocked in two arr1 mutants, arr11 and arr12; RLVs are not seen at 1 hr after light exposure. arr12 is a null allele and shows
no Arr1 staining; arr11 express a small amount of Arr1. Both arr1 alleles express and translocate Arr2 normally. By contrast, endocytosis is
normal in arr25 null mutants; Arr2 immunostaining is absent in arr25 photoreceptors. Arr1 localizes normally in RLVs. arr12 mutants are
assayed for light-dependent endocytosis at 80% pd, because degenerative, light-independent cytoplasmic Rh1 accumulation appears begin-
ning at 90% pd. Scale bar equals 2 m.
(B) Quantification of small (yellow bars) and large (orange bars) RLV numbers in wild-type, arr1, and arr2 mutants at 1 hr after light on. RLVs
were counted in seven wild-type flies, six arr11 flies, six arr12 flies, and seven arr25 flies. Data are means ± SD. Number at lower left shows
number of flies observed.and rdgC light-dependent degeneration, described as
apoptosis [6, 7]. However, some degenerating photore-
ceptors have necrotic features, including large cyto-
plasmic vacuoles and cell swelling (Figure 7B, R6). We
failed to detect activated caspase 3 and caspase 7 in
degenerating arr1 mutant cells (data not shown). Ex-
pression of the baculovirus p35 caspase inhibitor par-
tially rescues arr1 mutant degeneration (Figure S6C).
arr2 Mutations Rescue Retinal Degeneration
Caused by arr1 Mutation
Elimination of Arr2 rescues norpA and rdgC retinal de-
generation [6, 7], and we therefore asked whether Arr2
loss would also rescue arr1 degeneration. Most arr1
photoreceptors are severely degenerate in 10-day-old
dark-reared flies. Strikingly, photoreceptors of 21-day-
old arr11;arr25 double mutant retinas are normal (Figure
8). No degeneration is apparent in either the confocal
or electron microscope. A second arr2 allele, arr23, also
rescues arr1 degeneration (Figure S6D).Discussion
Drosophila photoreceptors express two arrestins, Arr1
and Arr2, with different essential activities. Majority
Arr2 quenches rhodopsin signaling, while Arr1 pro-
motes light-induced rhodopsin endocytosis. Both func-
tions are cell essential. Arr2 loss leads to light-depen-
dent cell death [12], and results here show that Arr1
loss blocks light-dependent rhodopsin endocytosis and
causes light-independent cell death. Photoreceptor cell
death following endocytosis of abnormally stable Arr2/
Rh1 complexes suggests that they signal pro-cell death
activity [6, 7]. Results here show that Arr2 removal res-
cues photoreceptor death caused by Arr1 loss. We pro-
pose that Arr1 normally captures phospho-rhodopsin
and targets it to endocytic removal, inhibiting Arr2/Rh1
accumulation and its toxic endocytosis, thereby effect-
ing a vital prosurvival activity.
Results here showing Rh1 C-terminal phosphorylation
promotes Arr1 binding and light-dependent endocytosis
reveal a new role for Drosophila Rh1 phosphorylation. We
Current Biology
1728Figure 5. Rh1 C-Terminal Phosphorylation Is Essential for Light-Dependent Endocytosis
(A) Arr1 remains cytoplasmic in both Rh1356 and Rh1CT S>A mutants that lack C-terminal phosphorylation sites; RLV formation is blocked.
Number at lower left shows number of flies observed. Scale bar equals 2 m.
(B) Quantification of small and large RLV counts in 1 hr light-exposed Rh1 mutants. RLVs were counted in seven wild-type flies, seven
Rh1356 flies, and six Rh1CT S>A flies.
(C and D) Rh1 C-terminal phosphorylation contributes to both Arr1 and Arr2 binding.
(C) Immunoblots of fractionated wild-type, Rh1356, and Rh1CT S>A fly heads. Fly heads were isolated at dark (D) and exposed to blue light
(B) or subsequently exposed to orange light (BO) and immediately homogenized. Supernatant (s) and pellet (p) fractions were subjected to SDS-
PAGE and Western analysis, with antibodies directed against Arr1 and Arr2. After blue light exposure, supernatant fractions from C-terminal Rh1
mutants contain more Arr1 and Arr2 than wild-type.
(D) Histogram quantifying the percent of membrane bound Arr1 and Arr2 in the dark and after blue light exposure. Results shown here are
averages of three (dark) or four (blue) independent experiments. Arr1 binding (yellow) is more strongly reduced than Arr2 binding (green) in
Rh1356 and Rh1CT S>A mutants. Quantitation of the immunoblots was performed using a LI-COR Odyssey infrared imaging system. Data
are means ± SD.speculate that Rh1 phosphorylation promotes strong Arr1
binding, perhaps mediated by simultaneous engage-
ment of activation and phosphorylation recognition do-
mains as described for vertebrate visual arrestin [2].
Durable Arr1/Rh1 complexes could capture phosphory-
lated Rh1 for endocytic removal, perhaps downregulat-
ing signaling that exceeds rdgC phosphatase capacity
and/or promoting Rh1 turnover. It is notable that in nor-
mal flies, RLV immunofluorescence shows low levels of
Arr2 along with consistently stronger Arr1 staining, sug-
gesting that Arr1 may facilitate Arr2/Rh1 complex en-
docytosis as well as inhibit its accumulation.
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bDrosophila photosensory membrane turnover is poorly
nderstood. Unlike vertebrate outer segments, which
re constantly renewed at their base as older, distal tip
embrane is shed and phagocytosed by apposed reti-
al pigment epithelium (RPE) [49], Drosophila photore-
eptors do not show the circadian shedding of rhab-
omere microvilli observed in some compound eyes
50, 51], and fly eyes lack a phagocytic RPE equivalent.
rosophila Arr1 may mediate rhodopsin turnover, direct-
ng phospho-Rh1 to endocytosis and removal under
asal, dark conditions as well as in response to light.
A requirement for Arr1 in endocytosis is unexpected,
Arr1-Mediated Rh1 Endocytosis and Cell Survival
1729Figure 6. Photoreceptors Degenerate in arr1
Mutants
(A) Wild-type ommatidia reared in 12L/12D
show intact rhabdomeres throughout life.
Rh1 localizes primarily to rhabdomeres, with
some RLVs present at every stage.
(B) At eclosion, 12L/12D-reared arr11 photo-
receptors are intact. Rh1 localizes primarily
to rhabdomeres and RLVs are absent. By 3
days posteclosion, abundant cytoplasmic
Rh1 is detected. By 5 days posteclosion,
some rhabdomeres are beginning to degen-
erate; by 7 days, most rhabdomeres are de-
generate, with Rh1 distributed throughout
photoreceptor cytoplasm. 1–2 wild-type flies
and 2–4 arr1 mutant flies were sampled ev-
ery day for 9 days in 12L/12D.
(C) Degeneration is slower in dark-reared
arr11 photoreceptors, but is overall similar to
degeneration in 12D/12L. 2–4 flies were sam-
pled every day for 12 days.
(D) arr12 ommatidia reared at 12D/12L. arr12
photoreceptors degenerate in 12L/12D and
dark-raised (not shown) adults. Number at
lower left shows number of flies observed.
Scale bar equals 2 m.determined if Arr1 targets Rh1 to already-nucleated
Figure 7. Ultrastructure of arr11 Mutant Pho-
toreceptor Degeneration
Electron micrographs of arr11 ommatidia
reared in 12D/12L.
(A) 3-day-old arr11 photoreceptors contain
many MVBs (arrows); some are abnormally
dark. The rhabdomere is still intact, but ab-
normal membrane tubules extend from the
rhabdomere base into photoreceptor cyto-
plasm (arrowheads).
(B) In 6-day-old flies, many photoreceptors
are degenerate, showing vacuolization and
engulfment (asterisk).
(C and D) Tubules and MVBs are prominent
in 3-day-old arr11 photoreceptors.
(E) Some 6-day-old photoreceptors become
condensed and dark, with severely disrupted
rhabdomeres. Three 3-day-old and five 6-day-
old flies were observed. Scale bars equal 2
m in (A) and (B), 1 m in (C), 200 nm in (D),
and 500 nm in (E).
creases Rh1 binding [38], but sequence alignment sug-given that its unusually short C-terminal lacks motifs
that bind AP-2 and clathrin to promote clathrin-medi-
ated endocytosis (CME) (Figure S1). It remains to beclathrin-coated pits, or if Arr1 contains novel endocyto-
sis-promoting domains. At 364 amino acids in length,
Arr1 lacks a Ser366, whose phosphorylation in Arr2 de-
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1730Figure 8. Arr2 Loss Rescues arr1 Mutant Retinal Degeneration
(A) In 10-day-old dark-reared arr11 eyes, most photoreceptors are severely degenerate.
(B) In 21-day-old dark-reared arr11;arr25 double mutants, most photoreceptors are normal.
(C) Photoreceptor ultrastructure is normal in 21-day-old arr11;arr25 double mutants. Number at lower left shows number of flies observed.
Scale bar equals 2 m.gests that Arr1 Ser361 may provide a comparable
phospho-regulatory site (Figure S1). A third Drosophila
arrestin, Kurtz, contains canonical C-terminal clathrin
and AP-2 binding domains [52], but Kurtz is not ex-
pressed in the fly eye (G. Roman, personal communica-
tion). GFP-clathrin light chain and α-adaptin localize at
the rhabdomere base (A.K.S., unpublished observa-
tion), suggesting that Rh1 is internalized by CME. Dy-
namin mediates scisson of invaginated-coated pits
from the plasma membrane and dynamin loss inhibits
CME [53, 54]. Restrictive temperatures decreased light-
induced Rh1 endocytosis in temperature-sensitive dy-
namin shits mutant flies (Figure S2), suggesting that
CME participates in Rh1 endocytosis.
Results here show that Arr2 is dispensable for light-
induced endocytosis. Arr2 can promote endocytosis
when norpA or rdgC mutants stabilize Arr2/Rh1 com-
plexes, but in normal flies, these complexes are tran-
sient, destabilized by Arr2 phosphorylation that rapidly
follows photostimulation [7]. Arr2 phosphorylation fol-
lowing photostimulation also inhibits clathrin binding,
further diminishing endocytic participation [7]. Provoc-
atively, although vertebrate arrestin-rhodopsin complexes
are not normally endocytosed, a Retinitis Pigmentosa
mutant rhodopsin forms stable arrestin complexes that
are endocytosed and disrupt normal cell function [55].
We speculate that endocytic Arr2/M-p signaling kills
arr1 mutant photoreceptors. Several observations show
constitutive, light-independent Rh1 endocytosis: fluores-
cence microscopy of 7-day-old dark-reared adult wild-
type photoreceptors reveals a low level of small RLVs
(A.K.S., unpublished observation). In the electron micro-
scope, dark-reared photoreceptors show occasional
MVBs and coated pits at the rhabdomere base. GFP-
clathrin light chain and α-adaptin localize to the rhab-
domere base of both dark- and light-exposed photo-
receptors. Spontaneous rhodopsin activation has been
observed in Drosophila [56], and, once formed, Dro-
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bophila M is stable for at least 40 min [57]. We specu-
ate that Arr1 targets spontaneously activated M-p to
asal endocytosis. Either alone or in competition with
rr2, Arr1 constantly scavenges M-p, and, by 3 days
ithout this surveillance, Arr2/M-p complexes, stable
n the absence of light-induced Arr2 phosphorylation,
each levels that cause massive and toxic endocytosis.
onfocal immunofluorescence detects Arr2 in endo-
omes of degenerating arr1 mutant photoreceptors (Fig-
re S7). Elimination of endocytosis in arr1;arr2 double
utants may thus rescue arr1 mutant degeneration.
onstant surveillance over a rhabdomere’s approxi-
ately 100 million receptors and timely capture and re-
oval of inappropriately signaling receptors may be
ssential for normal photoreceptor physiology [6].
Photoreceptor cell death in norpA mutants does not
epend on apoptosis pathway proteins Rpr, Hid, Grim,
nd Dronc caspase, and expression of apoptosis inhib-
tor p35 does not rescue norpA or rdgC degeneration
58]. Resemblance between Arr2-mediated Drosophila
hotoreceptor cell death and nonapoptotic, autophagic
ell death of mouse striatal cells in response to neuroki-
in-1 receptor activation has been noted [59]. Observa-
ions here that the morphology of photoreceptor cell
eath in Arr1 mutants does not simply resemble apo-
tosis, that expression of antiapoptotic p35 gives only
odest photoreceptor rescue, and a failure to detect
ctivated caspase 3 or caspase 7 in dying photorecep-
ors, suggest that nonapoptotic, autophagic pathways
ay participate in arr1 mutant retinal degeneration.
rrestin-mediated GPCR signaling pathways intersect
athways of autophagy-regulated cell survival, poten-
ially including AKT/PKB prosurvival signaling [60, 61].
Our observation that Arr2 translocates normally in
hotoreceptors lacking NINAC differs from that of Lee
nd Montell, who report loss of Arr2 translocation in
inaCP235 null mutant photoreceptors [45]. We find ro-
ust light-induced translocation of Arr1 and Arr2 in ni-
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1731naCP235 photoreceptors. Some contribution of NINAC
to Arr2 translocation may be evidenced by the in-
creased frequency of Arr1 staining in ninaCP235 rhab-
domeres; if Arr2 competes with Arr1 and Arr2 delivery
is decreased in mutants, Arr1 may be advantaged.
Differences in genetic strain, illumination levels, and
age have been ruled out as the reason for Arr2 translo-
cation in ninaCP235 observed here but not in Lee and
Montell. The different results may be attributable in part
to different immunolocalization methods; we find that
whole-mount confocal immunofluorescence shows ex-
cellent subcellular detail. Our observations are other-
wise in good agreement with previous reports of arres-
tin translocation. Results presented here are consistent
with diffusion-based arrestin translocation, paralleling
recent observations that mouse arrestin translocation
does not require energy [42].
Drosophila Arr1 and Arr2 share hallmark arrestin ca-
pacities: both bind and quench activated receptor sig-
naling, and both can promote endocytosis. However, in
normal cells, each has emphasized one of these two
activities: Arr2 specializes in Rh1 signal quenching
while Arr1 mediates endocytosis of activated Rh1. The
mechanistic bases for this specialization remain to be
determined, but the normal balance of both operations
is cell essential. Arrestin pathways are broadly con-
served across eukaryotes, and Drosophila photorecep-
tors offer a useful window into endocytosis and signal-
ing, an “inseparable partnership” that impacts virtually
all cell physiology [62].
Experimental Procedures
Fly Stocks
All fly stocks except arr11; arr25 were crossed into a white (w) or cn,
bw background to eliminate compound eye screening pigments.
arr11cn arr25 mutants were w+; cn, bw+, and their pigment cells
thus contained drosopterin screening pigments. norpAp24 and ni-
naCp235 were a kind gift from Dr. William Pak and Dr. Craig Montell.
arr11,arr12 and arr25 were kind gifts from Dr. Patrick Dolph. dgq1
and arr11;arr23 were kind gifts from Dr. Charles Zuker. Rh1356:
w1118;;P[ninaED356 ry+] ry ninaEI17 es and Rh1(CT S>A: w1118;;P [ni-
naES357, 358, 362, 367, 371A:T365V ry+] ry ninaEI17 es were kindly provided
by Dr. Steven Britt. arr11 cn; UAS-Arr1 was a kind gift from Dr.
Laurence Zwiebel. w, shi ts1/ FM6 and UAS-p35 flies were obtained
from the Bloomington stock center.
Flies were reared at 20°C in dark or 12D/12L light condition. Am-
bient light in the incubator was approximately 200 lux. Light shift
experiments exposed flies to ambient lab light, approximately 1000
lux. During dissection, some flies experienced light-pipe illumina-
tion, approximately 5000 lux, for less than 5 min. Arrestin transloca-
tion behavior was comparable in flies dissected using ambient
white fluorescent lab light or white halogen lamp light-pipe illumi-
nation; light intensities were measured as photosynthetically active
radiation using a Li-Cor photometer. Dark dissections for endocy-
tosis studies were made using infrared illumination and infrared-
sensitive eyepieces. For retinal degeneration studies, eyes of dark-
reared flies were dissected under light-pipe illumination for less
than 5 min.
Indirect Immunohistochemistry
Staged eyes were dissected in standard saline (2 mM KCl, 128 mM
NaCl, 4 mM MgCl2, 1.8 mM CaCl2, 36 mM sucrose, 5 mM HEPES
[pH 7.1]) and fixed in 4% paraformaldehyde in microtubule-stabiliz-
ing buffer (5 mM EGTA, 2 mM MgCl2, 80 mM K-PIPES [pH 6.5]) for
30 min. Eyes were incubated in diluted primary antiserum, mouse
monoclonal anti-Rh1 (4C5) (1:40 supernatant) (DSHB), rabbit anti-
Rh1 (1:1000) [46], rabbit anti-Arr1 (1:100) (gift from Dr. PatrickDolph), rabbit anti-Arr2 (1:100) (gift from Dr. Patrick Dolph and Dr.
Charles Zuker) in PBST (PBS + 0.3% Triton X-100) with 5% fetal
cow serum at 4°C overnight. After six PBST washes, eyes were
incubated with diluted secondary antibodies, anti-mouse and/or
rabbit labeled with Alexa488, 647 (1:300) (Molecular Probes), Cy2
(1: 500) (Amersham-Pharmacia) in PBST (PBS + 0.3% Triton X-100)
with 5% fetal cow serum at 4°C over night. After six PBST followed
by three PBS washes, eyes were mounted in 50% glycerol in PBS
containing 0.25% n-propyl gallate as anti-fade. For actin staining,
Alexa568-labeled phalloidin is added to the diluted primary antise-
rum at 5 U/1 ml (Molecular Probes). Samples were examined and
images recorded using a Bio-Rad MRC1024 confocal microscope.
To minimize bleed-through in double or triple stained samples,
each fluorochrome was imaged separately using a single excitation
line and was then merged. Acquired images were processed by
Photoshop7. Image manipulation was fully compliant with guide-
lines for proper digital image handling outlined in Rossner and Ya-
mada [63]. Images shown are representative of the appearance of
the unprocessed image viewed at the microscope. Numbers of
samples documented are shown on figures; phenotypes shown for
each condition are comparable with an approximately equal num-
ber of eyes that were viewed, but not recorded.
Electron Microscopy
Conventional electron microscopy was carried out as previously
described with some modifications [64]. In brief, flies were microin-
jected with prefixative (2% paraformaldehyde, 2% glutaraldehyde,
0.1 M cacodylate buffer [pH 7.4]) and dissected after 10 min. Fixed
eyes were then incubated for more than 2 hr at 4°C. The eyes were
postfixed in 2% OsO4 in 0.1 M cacodylate buffer (pH 7.4), stained
with 2% uranyl acetate, serial dehydrated in alcohol, and embed-
ded in Quetol-812 (EMS). Ultrathin sections (silver-gray) were
stained with lead hydroxide and observed with an electron micro-
scope (Philips 300 electron microscope).
Arrestin Pelleting Assay
Arr1 and Arr2 binding assays were performed as described in [38],
with modifications. Three to six heads from dark-reared 90%–100%
pd pupae were used for each experiment. Heads were dissected
using infrared illumination and infrared-sensitive eye pieces and
added to a buffer containing 150 mM KCl, 20 mM Tris (pH 7.5), 5
mM DTT, and 1× protease inhibitor cocktail (Pierce). Heads were
illuminated with blue and orange light on the stage of a Zeiss Axi-
oskop with a 50W Hg lamp using FITC (450–490 nm) and Texas red
(567–593 nm) epifluorescence filters and a 5× objective. For the
Arr1 and Arr2 binding assays, the fly heads were exposed to 30 s
of blue light, homogenized in the dark, and centrifuged at 13,000 ×
g for 5 min. Pellet and supernatant fractions were separated under
dim red light and subjected to SDS-PAGE and Western analysis
with antibodies against Arr1 (1/500; gift from Dr. Patrick Dolph) and
Arr2 (1/1000; gift from Dr. Hiro Matsumoto). Arr1 and Arr2-release
assays were performed in the same manner, except that the iso-
lated fly heads were exposed to 30 s of blue light, followed by 90
s of orange light, prior to homogenization and centrifugation. Dark
samples are immediately homogenized and centrifuged after head
isolation.
Supplemental Data
Supplemental Data include eight figures and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
15/19/1722/DC1/.
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